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been reported in India and Europe. [6] [7] [8] The known cases of VRSA were also found positive for the vanA gene, which is now known to be the cause of complete vancomycin resistance in S. aureus. [9] Further, due to several biological constraints, dissemination of VRSA has so far been limited. However, the mechanism of intermediate resistance by VISA unrelated to vanA acquisition is not yet understood even though it is more frequently reported.
Later, the US Food and Drug Administration approved other anti-infective agents for MRSA other than vancomycin such as linezolid, daptomycin, tigecycline, telavancin and cephalosporins. Nevertheless, there are recent cases where MRSA has been able to adapt to the newer antibiotics also when used for treatment. [3, 10] Resistance to newer antibiotics can be seen as originating from the microbe getting adapted when exposed to sub-lethal concentrations of the antibiotic. The most probable reason for this is the repeated and improper low-dose usage of antibiotics that lead to selection pressure. [11] Ample studies have been conducted analysing the characteristics of MRSA to its sensitive equivalent than any other antibiotic. In spite of laboratory studies proving the down-regulation of virulence genes in resistant strains, [12] clinical studies show that the virulence of MRSA strains is higher and so is the associated mortality. [13] In addition, compared to the sensitive counterpart, a strain resistant to a class of antibiotics can easily acquire resistance to other antibiotics also. Thus, multidrug-resistant strains can be seen easily arising out of strains that have acquired resistance to one drug. Indeed, the development pattern of resistance differs between resistant and sensitive strains. Selection under antibiotic pressure, leading to multiple drug resistance, might offer a selective advantage to the resistant strains, contributing to their increased persistence and virulence in animal models. [10, 14, 15] In the current study, we aim to understand the adaptive mechanisms and development of resistance due to sub-lethal concentrations of antibiotics in VISA through analysis of public RNA-Seq data. One of the prime applications of RNA-Seq is differential gene expression analysis. Expression profiles of VISA that spreads more commonly than VRSA even without the vanA gene are selected, and the transcriptional differences between vancomycin-sensitive S. aureus (VSSA) and VISA during sub-minimum inhibitory concentration (MIC) exposure of four potential antibiotics, namely ceftobiprole, linezolid, tigecycline and vancomycin, are investigated. The current study analyses the profiles of the strains S. aureus subsp. aureus JKD6008 which has been characterised as VISA devoid of the vanA gene with an MIC of 4 µg/ml for vancomycin and S. aureus subsp. aureus JKD6009 which is sensitive to vancomycin even at a concentration of 1 µg/ml. [16] A meta-analysis based on the expression alterations between (i) antibiotic-unexposed sensitive and resistant strains, (ii) exposed sensitive and resistant strains as well as (iii) exposed and unexposed resistant strains is conducted. With the three sets of paired differential expression experiments for each antibiotic, we define a repertoire of genes of VISA that helps it in adapting to the exposed antibiotics. Further analysis based on the results gives us important clues on therapeutic approaches that can be used against resistant S. aureus.
MaterialS and MethOdS

Expression profile data
To study the development of resistance during exposure to sub-inhibitory concentrations of antibiotics, public RNA-Seq datasets of antibiotic-treated and untreated VSSA/VISA were acquired from the Sequence Read Archive (SRA) database of National Center for Biotechnology Information available at https://www.ncbi.nlm.nih.gov/sra. The selected dataset (SRA-ID SRP015747) contains a total of 40 Illumina RNA-Seq data consisting of 20 mRNA and 20 small-RNA reads of S. aureus subsp. aureus JKD6008 (MRSA/VISA) and S. aureus subsp. aureus JKD6009 (VSSA) under different conditions of antibiotic exposure. [17] Among the 40 reads, only the 20 mRNA-Seq datasets were used for the current analysis. The original samples were prepared by extracting mRNA from both strains at the beginning (2 h) and the end (6 h) of exponential phase under five different conditions, namely after no antibiotic exposure and after exposure to sub-inhibitory concentrations (half of MIC) of four antibiotics ceftobiprole, linezolid, tigecycline and vancomycin for 10 min [Supplementary Table S1 ]. The short reads were downloaded in the FASTQ format using the 'filtered download' option in the SRA by leaving the 'filter' field empty.
RNA-Seq workflow
Analysis of RNA-Seq experiments requires efficient algorithms to estimate the relative expressions of genes under different conditions. Differential expression analyses were carried out between selected datasets (Section 'Differential Gene Expression Experiments') in the following manner. The short reads in FASTQ format were mapped to the reference genome of S. aureus subsp. aureus JKD6008 (GenBank accession no. CP002120.1) using Bowtie (v1.2.0). [18] Mapping information is required to identify the section of reads aligning to respective genes that are then used to assemble and quantify the corresponding transcripts. Bowtie uses a memory efficient algorithm to quickly align the reads to respective reference genomes and provides a list of alignments as an output. The mapped alignments need to be assembled and quantified accurately, for which they were then supplied to the standalone software StringTie (v1.0.3) from the Center for Computational Biology at John Hopkins University. [19] The alignments along with annotated gene feature format file of the reference genome is assembled by StringTie into potential transcripts for further analysis. Transcript assembly is then followed by statistical modelling and exploratory analysis. The assembled output of StringTie was used to identify differentially expressed genes by first computing the normalised expression values at each condition and then calculating the fold-change. Toolsets from the Cufflinks suite (v2.2.1), namely Cuffmerge and Cuffdiff tools, were utilised for this purpose. [20] Assembled outputs from StringTie were merged using Cuffmerge and provided to Cuffdiff along with the original alignment file from Bowtie to calculate the differential expression fold-change and P values.
Differential gene expression experiments
For each of the four antibiotics used in the study, we used a rational approach to identify the key genes that regulate resistance. With this aim, three sets of differential expression analyses were carried out for each antibiotic, namely: • Untreated VSSA versus VISA strains -To understand the basic differences between the VSSA and VISA strain • Antibiotic-treated VSSA versus VISA strains -To observe how the two strains differ in their response to each antibiotic at sub-MIC • Untreated versus treated VISA -To understand how the intermediate-resistant strain modifies its expression to adapt itself to the presence of antibiotics.
The analyses were carried out for the four antibiotics at 2 and 6 h separately and common genes at both time periods were identified. Genes that were differentially expressed in at least 2 or more of the above conditions for each antibiotic were selected for further analysis.
Construction of resistome
A list of differentially expressed genes (log 2 fold-change >1.5, P < 0.05) was obtained for each of the nine RNA-Seq analyses carried out. For each antibiotic, a resistome containing the repertoire of genes altered during the development of resistance was constructed based on the results of three differential expression analyses. The genes that were dysregulated in at least two of the three experiments (for each antibiotic, at 2 and 6 h separately) were selected as the resistome genes [ Figure 1 ]. Finally, the resistomes of the four antibiotics were compared to pinpoint major genes that vary in expression on exposure to at least three of the four antibiotics. Heatmap of the selected genes was constructed using the tool Heatmapper based on the normalised expression values scaled according to row z-scores under each condition of antibiotic exposure. [21] Pathway enrichment analysis Pathway enrichment analysis was used to identify the association of certain pathways in the development of antibiotic resistance. For this, the KEGG pathways of the differentially expressed genes under each condition of the study were mapped using KEGG Mapper at http://www.genome.jp/kegg/ mapper.html. The corresponding P value for the enrichment of each pathway was then computed by Fisher's exact test. Pathways with P < 0.05 were considered significantly enriched. The enrichment analysis was carried out for each set of up-regulated and down-regulated gene list regardless of the time period, 2 h or 6 h. Enrichment analysis was also carried out for the gene list of the identified resistomes.
reSultS
The current study aims to detect important genes involved in antibiotic resistance and gain insights into the mechanism of multidrug resistance based on differential expression of genes. Table 1 shows the numbers of differentially expressed genes under each of the nine conditions of study, and Figure 2a and b depicts their distribution at 2 and 6 h, respectively. The list of all genes dysregulated at each condition along with their fold-changes and P values are provided in Supplementary Table S2 . Common genes at both 2 and 6 h under each condition of study have also been identified and analysed.
Differential expression experiments
Differential transcriptome analysis of vancomycinsensitive Staphylococcus aureus and vancomycin-intermediate Staphylococcus aureus in the absence of antibiotics
To highlight the basic transcriptional differences between the sensitive and resistant strains, RNA-Seq differential expression was carried out between unexposed VSSA and VISA strains. For untreated VSSA versus VISA experiment, five genes were commonly down-regulated at both 2 and 6 h time growth, whereas only one gene was commonly up-regulated [ Table 2 ]. All the identified down-regulated genes are prominent virulence genes of S. aureus. The down-regulation of pathogenesis-related factors thus conforms to previous studies [22, 23] that suggest lower virulence activity in VISA.
Other genes detected either at 2 h or 6 h also include previously characterised genes often seen related to reduced antibiotic susceptibility such as sceD, cudT, gbsA, betA, vraF, and capD. [24] [25] [26] [27] An up-regulation of the two-component genes dltCD involved in D-alanine metabolism of the wall teichoic acid pathway and known to be related to vancomycin resistance was also detected. [28] 
Differential analysis of vancomycin-sensitive Staphylococcus aureus and vancomycin-intermediate Staphylococcus aureus in the presence of antibiotics
The samples were exposed to four different antibiotics at a concentration of half of their tested MICs. The differences in Figure 1 : Selection of genes for construction of resistome: Genes that were dysregulated in at least two of the three experiments (for each antibiotic, at 2 and 6 h separately) were identified as the resistome genes the responses of VSSA and VISA were observed from their transcriptional profiles at 2 and 6 h, and the common genes that were differentially expressed at both the time periods were analysed.
On treatment with vancomycin, the commonly up-regulated genes included two hypothetical proteins -SAA6008_02595 and SAA6008_01738. The down-regulated genes at 2 and 6 h included hly, SAA6008_01757 (sigS), SAA6008_00988 (conserved hypothetical protein) and SAA6008_01126 (putative DNA-binding protein).
For VISA compared to VSSA treated with ceftobiprole, three common genes were identified as up-regulated at both the time periods, namely the oxidative stress protein osmC, sigma-B-dependent transglycosylase sceD and phosphate ion ABC transporter gene pstS of the pstSACB complex. Among them, the role of pstS in antibiotic resistance in S. aureus is novel whereas all others have been indicated for antibiotic resistance. [24, 29, 30] However, pstS was identified as a reason for penicillin resistance in Streptococcus pneumoniae. [31] Similarly, four characterised markers of S. aureus infection were found commonly down-regulated -SAA6008_00199 (coa), SAA6008_01127 (phenol-soluble modulin [PSM] beta toxin), blaZ (beta-lactamase precursor gene) and hly.
Analysis of the common genes differentially expressed between linezolid treated strains at both 2 and 6 h found the up-regulation of only the gene sceD (transglycosylase) and the down-regulation of 5 genes including SAA6008_01127 (PSM PVL-phage protein PVL: Panton-Valentine leukocidin, PSM: Phenol-soluble modulin, Ig-G: Immunoglobulin-G beta toxin), hly, SAA6008_00199 (coa), SAA6008_01264 and SAA6008_02045.
Tigecycline exposure presented a similar response in VISA at both the beginning and end of the exponential phase. The same 10 genes were up-regulated in VISA at 2 h as well as 6 h. The up-regulated genes included transporters specifically involved in phosphate transport (phoU, pstB), some uncharacterised proteins and other proteins whose role in the resistance development has never been detected before. Similarly, 102 genes were commonly down-regulated that included genes of ribosomal pathway, purine and pyrimidine metabolism and quorum sensing.
Response analysis of vancomycin-intermediate Staphylococcus aureus in the presence of antibiotics
A differential expression analysis was carried out between untreated and treated VISA strains to identify the expression changes that occurred in VISA on exposure to antibiotics. Unlike the previous differential expression tests between VISA and VSSA, the analysis between untreated and treated VISA strains showed a greater number of up-regulated genes than down-regulated genes at both 2 and 6 h [ Figure 2 : Conditions 6-9 and Supplementary Table S2 ].
On exposure to vancomycin, three commonly up-regulated genes were identified among which two were conserved hypothetical proteins whose functions are unknown yet (SAA6008_01847, SAA6008_02582) and SAA6008_09902 which is PSM 2. Only one commonly down-regulated gene (SAA6008_01413) was identified that is also a conserved hypothetical protein.
Ceftobiprole exposure caused an up-regulation of 42 and 56 genes at 2 and 6 h, respectively, among which 12 genes were commonly identified. The commonly identified genes included the two-component system genes agrB and agrC, staphylococcal-complement inhibitor scn, cold-shock protein cspC and SAA6008_00353 (mobile element-associated protein) and conserved hypothetical proteins -SAA6008_00356, SAA6008_01984, SAA6008_01034 and SAA6008_02595. No commonly down-regulated genes were identified.
Differential expression experiments on linezolid exposure detected four commonly up-regulated genes that included two genes involved in protein-synthesis (rpsT, gatC) and two conserved hypothetical proteins -SAA6008_01945 and SAA6008_02582.
Exposure to tigecycline had caused an up-regulation of 12 and 78 genes at 2 and 6 h respectively. The commonly up-regulated gene included transcriptional regulator slyA and a conserved hypothetical protein SAA6008_02582. The identification of slyA is not surprising given that it belongs to the MarR family of transcriptional regulators known to regulate multiple antibiotic resistance. [32] The function and characteristics of SAA6008_02582 are unknown; however, its role in antibiotic resistance elicits special interest as it was found to be up-regulated in VISA on exposure to three of the antibiotics -vancomycin, linezolid and tigecycline -at both 2 and 6 h. One gene aroK (shikimate kinase) was down-regulated in common.
Resistome construction and analysis
For all the four antibiotics, a resistome of genes was constructed by pooling in the genes that were uniformly altered in the three differential expression experiments, namely: i. Untreated VSSA versus VISA ii. VSSA versus VISA, both treated with a specific antibiotic iii. Untreated VISA versus VISA treated with a specific antibiotic.
Genes that were found commonly altered in any two of the three datasets were added to the resistome of the respective antibiotic. A total of 99 unique resistome genes were identified. Table 3 lists the complete resistome identified from this study, and Figure 3 represents the heatmap of the normalised expression values of these 99 genes at different conditions.
Genes present in multiple resistomes
Genes present in multiple resistomes are those with expression variations on treatment with different antibiotics. Hence, they could be projected as possible targets of multidrug resistance. Figures 4 and 5 summarise these findings from the resistomes.
Based on the study, the following 25 genes that were present in three or more resistomes were identified by a comparison of the resistomes of vancomycin, ceftobiprole, linezolid and tigecycline.
SAA6008_00181, an M23/M37 peptidase domain-containing protein, was identified as an up-regulated protein in the resistome of all four antibiotics at 2 h. Two conserved hypothetical proteins SAA6008_01738 and SAA6008_00586, a putative small primase-like protein containing toprim domain SAA6008_00833 and a membrane protein SAA6008_02402 were up-regulated in three of the resistomes at 2 h.
Seven genes were identified to be down-regulated in the resistomes at 2 h of all four antibiotics, namely agrA, capD, pdxS, SAA6008_00199 (coa), SAA6008_00526, SAA6008_02076 (agrC) and SAA6008_02751. Five other genes, namely hly, serS, pflB, SAA6008_02404 and SAA6008_02416, were present in at least three of the four antibiotic resistomes.
On similar comparison of the resistomes at 6 h, SAA6008_01127 (PSM beta) was found to be down-regulated in all four resistomes. Genes such as betA, cudT, gbsA, pstS and sceD were up-regulated in resistomes of any of the three antibiotics and the genes cobW, hly and SAA6008_00199 were down-regulated at 6 h in at least three of the antibiotic resistomes. Table 4 lists the KEGG pathways that were found functionally enriched under each of the RNA-Seq experiments carried out. The pathway analysis results showed two pathways being most evidently overrepresented in the differentially expressed genes, namely the quorum sensing pathway and the two-component system. Quorum sensing pathway was Contd... 
Pathway enrichment analysis
noticeably down-regulated in VISA compared to the sensitive strain both in the presence and absence of antibiotics. The two-component system pathway was enriched in the down-regulated gene list of untreated VSSA versus VISA and in the up-regulated gene list of antibiotic-treated VSSA versus VISA. Further, the pathway was also up-regulated on the treatment of VISA with ceftobiprole and linezolid.
Another pathway of interest that validates the findings of the study was the enrichment of ribosomal pathway on the treatment of VISA with linezolid and tigecycline, both of which are protein-synthesis inhibitors. The down-regulation of ribosomal pathway is an anticipated effect of treatment with protein-synthesis inhibitors and thus confirms the activity of these antibiotics.
Enrichment analysis was also carried out for all the genes present in the four antibiotic resistomes cumulatively and for the 25 genes present in the multiple antibiotic resistome. The results were in agreement with the enrichment analysis of the individual experiments. The functional analysis of the up-regulated and down-regulated genes in the resistomes of the four antibiotics indicated the up-regulation of ABC transporters (P = 5.05E-03) and the down-regulation of quorum sensing (P = 2.23E-03) and phosphotransferase system (P = 1.39E-02) pathways. Further, the enrichment analysis of the genes in the multiple antibiotic resistome indicated an enrichment of both quorum sensing (P = 1.23E-02) and two-component system (P = 3.29E-03) pathways.
diScuSSiOn
The phenomenon of multidrug resistance in bacteria was found to be arising as those that are resistant to any of the antibiotics in use gradually develop resistance to newer antibiotics also. [3, 10] In the current study, we have used a comprehensive rational approach based on treatment with different antibiotics to identify key known and novel genes whose expressions are altered to develop multiple drug resistance. [33] The dataset used in the study [ Supplementary Table S1 ] includes two MRSA strains differing in their vancomycin susceptibility. Resistomes of known and novel genes for each antibiotic as well as multiple drug resistomes were identified from the study. Even though our study has not re-confirmed the role of any of the identified genes experimentally, ample literature evidence is available for many of the identified genes in resistance.
Other than the identification of many known genes in resistance, these tests were carried out with four different antibiotics and also at two different time points of sensitive and resistant strain for comprehensive analysis and further validation. With regard to the four antibiotics used, two among them -vancomycin and ceftobiprole -are 'cell-wall active agents' whereas linezolid and tigecycline are 'protein-synthesis inhibitors'. Similar patterns of dysregulation of many common genes were identified with vancomycin and ceftobiprole exposure to VSSA versus VISA, probably owing to their similar activity by cell wall inhibition. Many previous 
expression studies report the induction of cell wall-related genes, collectively referred to as the cell wall stimulon [34] in pathogens when exposed to cell wall-active agents. Even though a few cell wall-related genes were up-regulated on exposure either at 2 h or at 6 h in VISA, a consistent cell wall stimulon was not identified from the current analysis. This was expected since previous studies have reported that induction of cell wall stimulon is not essentially observed in VISA phenotype [35] and can be strain dependent. [35, 36] However, we were able to find out another sensitive signal of cell wall stress, the up-regulation of SAA6008_02595 (cwrA). cwrA is an un-annotated conserved hypothetical protein that is found to be strongly induced in response to cell wall inhibition. [37, 38] The present analysis identifies cwrA to be commonly up-regulated at both 2 and 6 h in vancomycin-treated VSSA versus VISA, at 2 h in ceftobiprole-treated VSSA versus VISA and at both 2 and 6 h in untreated VISA versus ceftobiprole-treated VISA. Similarly, treatment of protein-synthesis inhibitors linezolid and tigecycline elicited considerable enrichment of ribosomal pathway proteins confirming the drug action [ Table 4 ]. The ribosomal pathway was up-regulated in treated VSSA versus treated VISA experiments and down-regulated in experiments of untreated VISA versus treated VISA. In summary, the dysregulation of cwrA and ribosomal pathway upon treatment of respective antibiotics reinforces the mode of action of these antibiotics and also validates the methodology of the study.
Further, the current study brings out the role of quorum sensing system and associated virulence factors in antibiotic resistance. The quorum sensing system agr composed of the agrABCD genes and effector molecule RNAIII is a key virulence regulator of S. aureus and has been previously linked to the altered susceptibility of VISA. [39] The primary examination of untreated VISA compared to VSSA identified five virulent genes commonly down-regulated at both 2 and 6 h. The down-regulation of virulence factors has been previously associated with reduced susceptibility [22, 23] and reduced agr/RNAIII activity. [40] Interestingly, all of these virulent factors are known to be regulated directly or indirectly by agr/RNAIII system. [41] [42] [43] [44] [45] On examination, the agr genes were found to be down-regulated at 2 h but not at 6 h. Accordingly, the KEGG pathway quorum sensing was also found enriched among the down-regulated genes in VISA, regardless of being treated or untreated. Further, a repertoire of 25 known and novel genes including agrA and agrC involved in multiple drug resistance were identified and projected as speculative targets for therapy. Notably, two virulence factors -hly and coa -regulated by the agr/RNAIII system were present in the multiple antibiotic resistomes of both 2 and 6 h.
Thus, the down-regulation of agr-associated virulence factors in the resistant strain along with the enrichment of quorum sensing pathway significantly substantiates the role of agr/RNAIII system in the VISA mechanism. [22, [45] [46] [47] [48] In addition, the presence of agr-associated virulence factors in the multiple antibiotic resistome also indicates supporting evidence for the role of agr in the reduced susceptibility of VISA to other antibiotics also. [22, 49] Further validating the findings, several genes identified with expression changes in multiple resistomes such as hly, sceD, cudT, gbsA, betA, coa and PSM toxins overlap with the genes discussed previously as related to antibiotic susceptibility.
The results of the pathway analysis also turned out to be consistent with the role of quorum sensing pathway in determining the reduced susceptibility of VISA. In addition to the pathway being down-regulated in the VSSA versus VISA experiments, the pathway was also enriched in the individual antibiotic resistomes as well as the final multiple Thus, the resistome generated from the study provides a list of known and novel target genes and also reflects the interplay between quorum sensing, virulence factors and development of resistance that need to be investigated in-depth to develop a consistent method for therapy. Even though there are different tools and databases available that identify genes involved in antibiotic resistance in bacterial genome such as The Comprehensive Antibiotic Resistance Database, [50] Antibiotic Resistance Genes Database, [51] ARG-ANNOT [52] and ResFinder, [53] they rely majorly on sequence data and the results for S. aureus JKD6008 were very less and scattered. Further, major differences between the assembled genomes of the resistant and sensitive strains could not be obtained for an assertive conclusion on analysis with these databases.
The integrative study of gene expression profiles throws light in detecting various genes that seem to play a role in regulating and adapting to sub-inhibitory levels of antibiotic exposure. Thus, the current work puts forward a methodology to discover novel knowledge regarding the development of resistance and focuses on the mechanism of development of resistance at the whole-genome level by analysis of multiple conditions of sensitive and resistant strains.
cOncluSiOn
The molecular mechanisms of vancomycin resistance development in MRSA are not completely understood owing to the limited knowledge of differences in the genetic characteristics of VISA. This study, to our knowledge, is a first detailed investigation of RNA-Seq expression profiles of VISA exposed to sub-inhibitory concentrations of four antibiotics to identify a resistome of key genes that aid in developing tolerance to the new antibiotics. Various conditions were analysed to throw light on the mechanism of VISA resistance and development of multidrug resistance. Many of the molecular changes are consistent with previous reports and the roles of quorum sensing mediating system agr, associated virulence factors and two-component systems in antibiotic resistance are substantiated in the study. The genes whose expressions were identified to be altered on exposure to sub-inhibitory concentrations of different antibiotics need to be probed further on their roles in multidrug resistance. To conclude, this study takes a step forward in understanding the mechanism of intermediate vancomycin resistance and reveals aspects of intermediate resistance development in S. aureus and identifies novel targets that can have important implications for therapy.
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